I. INTRODUCTION
Since early 20th century, it has been realized that higher ratio of number of surface to bulk atoms causes sizedependent melting temperature depression of nanoclusters. 1 This ratio increases as the size of the cluster reduces. According to the simple model proposed by Hanszen, melting temperature of a cluster can be defined as the temperature of equilibrium between a thin liquid layer at the surface of the cluster and the solid sphere core that is embedded in the liquid overlayer. 2 Experimental studies of surface melting on metal clusters 3, 4 further validate the assumption that surface atoms contribute to the depression of melting. Nanocalorimetric measurements by Lai et al. 4 showed that for copper substrate supported and carbon coated tin clusters with size radii from 50 to 500 Å, the melting temperature is lower than bulk melting temperature and decreases as size of cluster reduces. Bachels et al. 5 also observed that melting temperature for tin nanoparticles with radius of 14 Å ͑around 430 atoms͒ is lower than the values obtained by Lai et al. 4 Two x-ray-diffraction studies of tin nanoclusters 6, 7 showed that even supported tin nanoclusters with radii around 25 Å still exhibit melting temperature depression. All the previous studies as discussed above 1,2,4 -7 suggest that melting temperature of a cluster is lower than the corresponding bulk melting temperature and decreases as the size of the cluster reduces.
In the extreme case that the size of a cluster is less than the critical radius, all atoms in a small cluster can be considered as surface atoms and there is no bulk atom underneath surface layer. At this regime, surface premelting can be regarded as a melting of whole cluster. One might expect that the same melting temperature depression still exists for tin clusters with radius less than 14 Å. However, recent ion mobility measurements by Shvartsburg and Jarrold 8 showed that tin clusters exhibit prolate geometries and the melting temperature of a tin cluster ion with number of atoms between 10 and 30 is at least 50 K higher than the bulk melting temperature. In the experiment, tin clusters were generated by pulsed laser vaporization of a white tin rod, then cooled down to 78 K. Tin clusters were injected into a temperaturecontrolled helium tube. Assuming that a tin cluster shall form a perfect liquid droplet once it melts, the melting of the cluster can be monitored by relative ion mobilities defined as the measured mobility divided by the calculated mobility for a hypothetical spherical cluster with the same number of atoms. Therefore, the lower the relative mobility is, the more it deviates from the spherical structure. As the helium tube temperature is raised, they found that the measured ion mobilities did not change up to 555 K for the clusters of 10 to 30 atoms. This provides the evidence that tin clusters still keep the prolate structure and have not changed their shapes dramatically at 555 K.
Lu et al. 9 have performed Car-Parrinello ab initio molecular dynamics simulations to study the structures of Si, Ge, and Sn clusters with up to 13 atoms. Simulated annealing was performed in order to find the lowest-energy structures. In cooling from high temperatures, mean-square displacement ͑MSD͒ as a function of simulation time was plotted in order to identify the structural transformations. It was shown that a transition from high-temperature phase to ground-state structure occurred when no further dramatic change in MSD was observed. Using this criterion, the transition temperatures for the tin clusters containing up to 13 atoms are all above 900 K. Since the simulations were performed by cooling from high-temperature gas and liquid phases, the results of Lu et al. suggest that melting temperatures of the tin clusters may be above 900 K.
Very recently, Joshi et al. 10, 11 performed ab initio isokinetic molecular dynamics simulations to study thermal properties of Sn 10 and Sn 20 clusters. For the case of Sn 10 , they concluded that there are two transitions at 500 and 1500 K as the temperature is increased. 10 They noted from the simulations that at 1600 K there were three isomers whereas at 2000 K the number of isomers is as many as 7. By analyzing the atomic trajectories, they found that Sn 10 cluster retains lowest-energy structure at TϽ500 K, undergoes a permutational rearrangement of atoms that preserves the trigonal prism core of the ground state at 500 KрTр1500, and finally starts to exhibit core distortions and breaks up core at TϾ1500 K which is suggested to be a detectable change in ion mobility experiment. In addition to atomic trajectories, they plotted both the specific heat and root mean square of bond length fluctuation ͑RMSD͒ vs temperature. They showed that there is a turning point at 500 K and a peak at around 2300 K in the specific heat. Neither peak nor shoulder at 1500 K is observed in the specific heat. Moreover, in spite of fluctuation in the plot of RMSD vs temperature, there is a trend of slow increment when the temperature is above 1000 K.
For the case of Sn 20 clusters, they chose the combined structure of two tricapped trigonal prism ͑TTP͒ Sn 10 as the initial structure.
11 Similar to Sn 10 , they observed three modes of ionic motion: ͑i͒ change in relative orientation of two Sn 10 units, ͑ii͒ an internal rearrangement of ions within TTP unit, observed above 500 K, and ͑iii͒ the distortion of at least one TTP unit accompanied by the interchange of atoms between the two TTP units, observed after 800 K. In the plot of the specific heat vs temperature, they showed that there are two peaks at 500 and 1200 K and a small shoulder at 850 K corresponding to transition temperature from mode ͑ii͒ to mode ͑iii͒. In the plot of RMSD vs temperature, two shock increments are at 650 and 1250 K.
Despite the studies as discussed above, our understanding of the melting of tin clusters is still far from complete. Many interesting questions remain open, such as the dependence of the melting temperature on the size of clusters, atomistic processes of structure isomerization, diffusion as well as melting, and the conceptual connection of cluster melting to melting processes in bulk. Hence, more systematic and quantitative studies on the subject are highly desirable. In this paper, we present an extensive ab initio molecular dynamics ͑MD͒ simulation study of melting and structural transformation of tin clusters. We develop several criteria for monitoring the structural changes in the clusters during the simulations in order to estimate the melting temperatures of the clusters. Sn 6 ͑tetragonal bipyramid or octahedron͒, Sn 7 ͑pen-tagonal bipyramid͒, Sn 10 ͑tricapped trigonal prism͒, and Sn 13 ͑from Lu's study͒ ͑Ref. 9͒ were chosen for this study. These four clusters represent three different classes of cluster shapes: Sn 6 and Sn 7 are oblate, Sn 10 is spherical, and Sn 13 is prolate. We used Langevin dynamics to simulate tin clusters in a helium tube at different temperatures. Melting temperatures for Sn 6 , Sn 7 , Sn 10 , and Sn 13 were estimated to be about 1300 K, 2100 K, 2000 K, and 1900 K, respectively. These temperatures are all above the melting temperature ͑505 K͒ of bulk tin. Simulation results are consistent with recent ion mobility measurements. This paper is organized as follows. In Sec. II the simulation and analysis methods are described. In Sec. III, simulation results are presented. A discussion of our findings is given in Sec. IV, and the conclusions are drawn in Sec. V.
II. SIMULATION METHODS
Our calculation is based on first-principles densityfunctional theory within the local-density approximation. 12 The Kohn-Sham equations are solved in real space by the higher-order finite-difference method. 13 16 . We used a grid size of 0.5 a.u. and zero boundary conditions requiring the wave functions to vanish 12 a.u. away from outermost atoms of a given cluster. Furthermore, Langevin dynamics is successfully coupled to this higher-order finite-difference method. 17, 18 This integration is very efficient for studying localized systems and has been successfully applied to determination of the lowestenergy structures for clusters. [17] [18] [19] [20] [21] Here, we performed isothermal Langevin dynamics 17, 18 to simulate the dynamics of the cluster as in ion mobility experiment. 8 In this approach, the atomic positions R ជ a evolve according to Langevin equation
where F ជ a is the interatomic force acting on ath atom, M a is its nuclear mass, ␥ is the friction coefficient which determines the dissipation rate, and W ជ a are the stochastic forces defined as random Gaussian variables with a white noise spectrum,
where T g is a given temperature and the angular brackets in Eq. ͑2͒ denote ensemble or time average. When tin clusters drift in a helium gas tube, helium atoms collide with tin atoms. Tin cluster reaches an equilibrium with the heat bath ͑helium gas͒ through these collisions which produce random forces as well as viscous forces on the drifted tin clusters. Since all atoms in a small cluster are surface atoms, we assume all atoms are collided by helium atoms. Here, friction coefficient ␥ is taken to be 5ϫ10 Ϫ4 a.u. and MD time step is 200 a.u. ͑4.8 fs, 1 a.u.ϭ0.024 fs͒. The convergence of potential energy at each MD step is 10 Ϫ3 eV. Since our purpose is to determine transition temperatures, temperature control for small clusters is one of the key issues in the simulations. For a given simulation temperature T g , the actual temperature T of the cluster is calculated using two different relations. For a tin cluster with n atoms, are two relations we used to calculate the temperatures of systems. Additional three degrees of freedom due to the rotation are reduced from the relation in Eq. ͑3͒ as compared to Eq. ͑4͒. The kinetic energy E kin and the rotation energy E rot are given as follows:
where v ជ i is the velocity of ith atom and v ជ c the velocity of center of mass:
where I is the principal moment of inertia and is the angular velocity. The average kinetic ͗E kin ͘ and the average rotation energy ͗E rot ͘ are calculated by averaging over all simulation steps at each temperature excluding first 250 MD steps. We verified that the calculated system temperatures using both equations are close to each other within 1% and T is within average 6Ϯ2% of given temperature T g . The force acting on atoms is computed by using the Hellman-Feynman theorem. 22 The distribution of electronic states is modeled by Fermi-Dirac statistics with the Fermi temperature set to 300 K. Since energy gaps between HOMO-LUMO ͑highest occupied molecular orbital-lowest unoccupied molecular orbital͒ are greater than 0.8 eV ͑at T ϭ0 K) for all tin clusters studied in this work, very few electrons can be excited above the gap before the melting of the clusters. We further checked the effects of the Fermi temperature on our simulation results at temperature right below transition temperature to ensure that the choice of Fermi temperature in our simulation will not affect our conclusions.
We calculated three different structural properties of the clusters as a function of temperature in order to determine at what temperature tin cluster will change its shape. The first one is root-mean-square deviation of pair distances with respect to ground-state structure as a function of time t:
where n is the number of atom in the cluster, r i j (0) is the pair distance of ith and jth atoms at ground-state structure, and r i j (t) is the pair distance of ith and jth atoms at time t.
It is clear from Eq. ͑7͒ that the higher the value of ␦ is, the more the cluster deviates from its ground-state structure. The main difference between our definition and that used in previous study in Ref. 10 is that we used the bond length r i j (0) of the ground-state structure ͑initial structure͒ rather than the average bond length ͗r i j ͘ t of whole simulation. The RMSD values calculated from our definition of Eq. ͑7͒ tell us how the structure of the cluster deviates from its ground-state structure whereas the RMSD in Ref. 10 gives information about how the structure deviates from its average structure from the simulation. We believe that using ground-state structure as the reference should show more clearly to the structural changes in the clusters than using average bond length as the reference used in Ref. 10 . We use RMSD of pair distances instead of commonly used MSD over atomic positions in order to eliminate the rotational effect caused by Langevin dynamics on the clusters with small number of atoms. Another reason to choose the RMSD is that it could directly relate to Lindemann criterion, 23 which states that a bulk crystal structure will melt when the root-mean-square deviation of bond length of the atoms is more than 10% of the equilibrium bond distance in the crystal. Although clusters are different from the bulk crystalline structure, we will use this criterion as a reference for our present study of cluster melting. Note that our definition of RMSD is referring to all atomic pair distances in the cluster, and the average pair distances of the ground-state structures r i j (0) are 3.26, 3.44, 3.87, and 4.36 Å, for Sn 6 , Sn 7 , Sn 10 , and Sn 13 , respectively. Therefore, we will use 0.326, 0.344, 0.387, and 0.436 Å as the critical RMSD values for Sn 6 , Sn 7 , Sn 10 , and Sn 13 , respectively, in our discussion of the following section. We calculated ␦ every 100 MD steps ͑0.48 ps͒ at different temperatures and plotted ␦ vs MD steps at different temperatures to see how the ␦ changes. We also plotted ␦ vs temperature to determine the transition temperatures.
The second quantity we used to monitor the structure changes in a cluster is based on classical mechanics. The shape of a rigid body is related to the principal moments of inertia of the system. Therefore, distribution of principal moments of inertia at different temperatures can be used to identify the shape changes of the clusters.
Another quantity to measure the structure of the clusters at different temperatures is the radial distribution function j(r). j(r) is defined such that j(r)dr gives the average number of atoms whose distance from a given atom in the cluster is between r and rϩdr.
We also examined the atomic trajectories ͑movies͒ to identify the movements of the atoms and isomer changes during the simulation. We keep track of not only structure but also the index of atoms. Such inspections together with quantitative analyses as discussed above give us a more clear picture about the dynamics of the clusters.
Finally, we also calculated the total energies of the clusters as a function of temperature in order to probe the structural transition in the clusters. For each given temperature T g , the average temperature T, the average potential energy ͗E pot (T)͘, and its standard errors are calculated. The total energy of system is given as ͗E total (T)͘ϭ͗E kin (T)͘ ϩ͗E pot (T)͘ at temperature T. In addition, the deviation energy ␦E is defined as the total energy ͗E total (T)͘ minus its classical limit E 0 ϩ3nk B T, where E 0 is the ground-state energy. ␦E gives the information about how much the potential energy differs from that of the ideal simple harmonic oscillator, and can be used as an indicator for anharmonic effects or structural transformation. We smoothed the plot of ␦E vs temperature T using five-point moving average method. The error bars in the plots are the standard errors of every five data points
III. RESULTS

A. Sn 6
For Sn 6 , the simulations were performed for at least 6000 MD steps at temperatures between 1200 and 2300 K, for 5600 MD steps at 600 K, and for 3300 MD steps at 900 K.
The root-mean-square deviation of pair distances ␦ as a function of simulation time at different temperatures was calculated and plotted in Fig. 1͑a͒ . The behavior of ␦ can be divided into three regimes. Below 1200 K, the plot of ␦ becomes flat below the level 0.3 Å after around 1000 MD steps. At 1300-2100 K, the curve starts out as flat, then exhibits a sudden rise at some critical MD step. At 1300 K, ␦ is observed to be flat initially, and then starts to rise above the critical value of 0.326 Å ͑see the discussion in Sec. II͒ after 5200 MD steps ͑25 ps͒, which indicates a structural transition. The plots in Fig. 1͑a͒ show that the higher the temperature of the cluster, the shorter the first flat region tends to be. From 2200 to 2300 K, the plot increases dramatically for a short-time duration, then eventually becomes flat because of the finite size of the cluster.
In Fig. 1͑b͒ , we plot RMSD ␦ as a function of temperature at the moments of 1000, 2300, 3900, and 6000 MD steps, respectively. These data were obtained by intercepting the ␦ vs MD steps curves in Fig. 1͑a͒ by three vertical lines at 1000, 2300, 3900, and 6000 MD steps, respectively. Because the clusters do not transform to other isomers below 1200 K, we also calculated RMSD for temperatures from 400 to 1200 K with interval of 100 K by performing simulations over 1000 steps ͑4.8 ps͒. We found that 1000 steps are adequate for estimating RMSD at these temperatures as one can see from Fig. 1͑a͒ where RMSD becomes almost a constant after about 500 steps at temperatures 600, 900, and 1200 K. From the plots of Figs. 1͑a͒ and 1͑b͒, transition temperature of the system can be estimated using the sudden increase of ␦ as an indicator for structural transformation to occur. Transition temperature that we determined from the simulation data at 2300 ͑11 ps͒, 3900 ͑18 ps͒, and 6000 ͑28.8 ps͒ MD steps are 1500, 1400, and 1300 K, respectively. This trend suggests that the transition temperature of the cluster would be lower than 1300 K if the simulations can be performed for longer time. We will discuss this point later in this paper.
Distribution of principal moments of inertia at different temperatures is plotted in Fig. 2 . We observed that there were two peaks at lower temperatures and the peaks became broader as temperature increased. The peaks begin to merge at the temperature of 1200 K. Finally, the distribution is almost uniform at a very high temperature of 2300 K. Although it is difficult to determine transition temperature accurately by observing the change in distribution of principal moments, the evolution of the principal moments of inertia with temperature indicates that there is a structural transition around 1300 K which is consistent with the prediction from the analyses of the RMSD ␦ as discussed above. This is also true in the cases of Sn 7 , Sn 10 , and Sn 13 .
The radial distribution functions j(r) at different temperatures were also studied. We observed sharp peaks at low temperature and these peaks become broader as temperature increases. j(r) is not sensitive to the structural changes at high temperatures probably because the system size is too small. Therefore, not much information about structural transitions can be obtained from the radial distribution function in case of Sn 6 . Similar features are also observed for Sn 7 , Sn 10 , and Sn 13 .
Examining the atomic trajectories of the cluster at different temperatures, we found that the cluster retained its lowest-energy structure below 1200 K but the amplitudes of oscillations became larger as temperature increased. At 1300 K, we observed that the cluster still retained its shape at first 5300 MD steps ͑25 ps͒ but started to change its shape afterward. A new isomer of Sn 6 found at 5476 MD steps at 1300 K is shown in Fig. 3͑b͒ . By carefully comparing this structure at 1300 K to the ground-state structure as shown in Fig.  3͑a͒ , we could observe the movements of the atoms in the cluster. Specifically, we found that atom 1 moved to the position of atom 3 and pushed atom 3 toward atom 2. At the same time, the bond between atom 1 and atom 5 broke while atom 2 moved more closer to atom 5. The atomic diffusibility in a cluster causes dramatic change in the root-meansquare deviation of pair distances ␦. This is consistent with the observation in Fig. 1͑a͒ that a sudden increase in ␦ at 1300 K is around 5400 MD steps.
The total energy as a function of temperature is plotted in Fig. 4͑a͒ . We observed that the curve of total energy could be divided into three regions. The low-temperature region ͑be-low 1200 K͒, transition region (1200ϽTр2000 K), and liquidlike region (TϾ2000 K). Two solid lines in Fig. 4͑a͒ are obtained by fitting data at low-temperature region and liquidlike region, respectively. By extending the fitted line at low temperatures to higher temperatures as shown by the dotted line, we found that all energy data at the temperature higher than 1300 K are above the extended line. The deviation of total energy of the system from that of the harmonic limit ͑i.e., 3nk B T) as a function of temperature is plotted in Fig.  4͑b͒ . The plot shows that there is an increase in energy deviation starting around 1200-1300 K, and reaching a maximum around 2100 K. The results in Figs. 4͑a͒ and 4͑b͒ are consistent with our structural analysis that at 1300 K the structure of Sn 6 starts to change and becomes liquidlike at 2100 K.
B. Sn 7
For Sn 7 , the simulations were performed for at least 5600 MD steps at temperatures between 2000 K and 2500 K, for around 1500 MD steps at temperatures from 1600 to 1900 K, and for at least 2300 steps at 500, 600, 1000, and 1500 K.
The RMSD ␦ vs MD steps at different temperatures are plotted in Fig. 5͑a͒ . The curves of 2100 and 2200 K were flat in the beginning, and then they started increasing slowly at around 3000 steps, and became flat again in later steps. The values of ␦ in the first flat region of 2100 and 2200 K are very close to critical value of 0.344 Å. Once the curves start to bend upward, values of ␦ are greater than 0.344 Å. We notice that at 2100 K, ␦ started rising earlier than at 2200 K, which is probably due to statistical fluctuations. RMSD ␦ vs temperature at 1000 ͑4.8 ps͒, 3000 ͑14.4 ps͒, and 5600 ͑26.9 ps͒ MD steps are plotted in Fig. 5͑b͒ . From the plots of Fig.  5 , a transition temperature is estimated to be about 2100 K for Sn 7 .
Distributions of principal moments of inertia at different temperatures are plotted in Fig. 6 . We observed that peaks disappeared at 2100 K which indicated that the ground-state structure was no longer retained. In this case, the picture of structural transformation emerging from distribution of the principal moments of inertia is consistent with the plot of ␦ vs MD steps in Fig. 5͑a͒ and the plot of ␦ vs temperature in Fig. 5͑b͒ .
By examining the atomic trajectories below 2000 K, we found that the cluster retained its lowest-energy structure. However, the structure starts to change at 2100 K. Figure  7͑b͒ shows a new isomer was found at 3152, 4000, and 371 MD steps at 2100, 2200, and 2300 K, respectively. Structural transformation can be seen by comparing this structure with the ground-state structure ͓Fig. 7͑a͔͒. Specifically, atom 4 Finally, the total energy as a function of temperature is plotted in Fig. 8͑a͒ . The solid line in Fig. 8͑a͒ is obtained by fitting data at low-temperature region ͑below 2000 K͒. We also extended the fitting line at low temperatures to higher temperatures as shown by the dotted line. All data points above 2000 K are found to be located above the extended line. The plot energy deviation vs temperature as shown in Fig. 8͑b͒ showed that there is a shape increase in ␦E around 2000 K which agrees well with the result of RMSD ␦ plot in Fig. 5 . In contrast to ␦E plot for Sn 6 , no flat region was found in ␦E for Sn 7 at the high-temperature region. This is because the liquid state is not well developed for Sn 7 even at temperatures as high as 2400 K. The transition we observed at about 2100 K is the isomerization transition. Therefore, the melting temperature of Sn 7 would be above 2100 K. Since we are interested in low bound of melting temperature, the simulations for Sn 7 are sufficient.
C. Sn 10
For Sn 10 , the simulations were performed for at least 4700 MD steps at temperatures between 800-1600 and 2300 K, for 4000 MD steps at 400 and 500 K, and for 2000 MD steps at 100 and 200 K. The root-mean-square deviation of pair distances ␦ vs MD steps at different temperatures are plotted in Fig. 9͑a͒ . We observed that the first structural change occurs at 500 K. Below 500 K the curves are flat. At 500 K, the curve had a short flat part before increasing and became flat again. At 900 K after 3300 MD steps ͑15.8 ps͒, we noticed that the curve started to bend upward and passed the critical value of 0.387 Å. This suggests there may be a transition at 900 K. Between 900 and 1400 K, the trends of the plots are similar but with some fluctuations. Above 1400 K the curves increased continuously. The root-mean-square deviation of pair distances ␦ vs temperature at 2300 ͑11 ps͒, 3000 ͑14.4 ps͒, and 4700 ͑22.5 ps͒ MD steps is plotted in Fig. 9͑b͒ . We observe two abrupt changes at 500 and 1400 K. distortion happens at 500 K, diffusions start to occur at 900 K, and the cluster becomes liquidlike after 1400 K. The fluctuation of RMSD between 500 and 1400 K is also observed in Joshi's study. 10 Distribution of principal moments of inertia at different temperatures is plotted in Fig. 10 . The lowest-energy structure of Sn 10 is close to a compact spherical structure as shown in Fig. 11͑a͒ . Hence, two peaks in distribution of principal moments of inertia at low temperature are close to each other. As temperature increases above 400 K, the distribution becomes a single peak which looks like a normal distribution with different variances at different temperatures. It is interesting to note that at 2300 K the distribution is very broad. This indicates that at such high temperature the cluster tends to break up and the fluctuation in the shape of the cluster is very large. Because of the nearly compact spherical structure of Sn 10 , the structural transitions are not clearly seen in distribution of principal moments of inertia.
The atomic trajectories collected during the simulations show that below 500 K Sn 10 cluster retained its lowestenergy structure and atoms moved and oscillated around equilibrium positions. At 500 K cluster started to have obvious distortions. Such distortions seem to change the shape of the cluster if the cluster is viewed from the original direction. However, the structure of the cluster is in fact retained if viewed from a different angle. As shown in Fig. 11 , the cluster at 500 K and 1200 steps as shown in Fig. 11͑c͒ looks different from its ground-state structure of Fig. 11͑a͒ . However, a structure similar to that of ground-state structure can be seen from the same atomic coordinates but from a different viewing angle as shown in Fig. 11͑d͒ . This is because the structure of Sn 10 cluster is pretty symmetric and the fluctuations of the atomic positions make the cluster switch back and forth between different degenerate configurations. Therefore, we may classify such changes as the first transition ͑but not the melting transition͒. Figure 11͑e͒ shows a snapshot taken at 900 K and at the MD step of 4364. We observed that the relative positions of atoms were changed and atoms were able to diffuse in the cluster as shown in Fig. 11͑e͒ . This diffusion caused additional increment in the root-meansquare deviation of pair distances ␦ as we have already noticed at 900 K in Fig. 11͑a͒ . Surprisingly, the ground-state structure is still kept if viewed from a different angle as shown in Fig. 11͑f͒ . At 1200 K, the atoms are observed to diffuse in a way similar to that at 900 K and the diffusion does not result in any new structures as one can see from Figs. 11͑g͒ and 11͑h͒. However, the diffusion process is much faster at 1200 K as compared to that at 900 K. From experience with Sn 6 , such diffusive behavior might also occur at temperatures between 600 and 900 K. The isomer at 1400 K is shown in Fig. 11͑b͒ . It seems that the shape is still similar to ground-state structure. However, the relative positions of atoms have changed.
The total energy as a function of temperature is plotted in Fig. 12͑a͒ . The solid line in Fig. 12͑a͒ is obtained by fitting data at low-temperature region ͑below 1600 K͒. We extended the fitting line at low temperatures to higher temperatures as shown by the dotted line. The plot of energy deviation vs temperature in Fig. 12͑b͒ shows that there is a small increase at 1400 K and a shape increase starts at 2000 K. Between 900 and 2000 K, atoms undergo small diffusive motions. The temperature of 2000 K can be identified as melting temperature from our present simulation. No flat region in ␦E at the high-temperature region is observed due to the similar reason as we discussed for Sn 7 .
FIG. 11. Sn 10 : ͑a͒ is the ground-state sturcture; ͑b͒ is an isomer at 1400 K; ͑c͒ and ͑d͒ are the same isomer at 500 K; ͑e͒ and ͑f͒ are the same isomer at 900 K; ͑g͒ and ͑h͒ are the same isomer at 1200 K. The numbers in parentheses are relative potential energies with respect to that of the lowest-energy isomer.
FIG. 12. ͑a͒
The solid line is obtained by fitting data at lowtemperature region. The dotted line is the extended fitting line of low temperature to higher temperature. ͑b͒ Deviation of total energy of Sn 10 from that of the harmonic limit ͑i.e., 3nk B T) as a function of temperature, after smoothing, where error bar is the standard error at each temperature T.
D. Sn 13
For Sn 13 , the simulations were performed for 4000-5000 MD steps at temperatures between 800 K and 1700 K and for around 1000 MD steps at the rest of the temperatures. The root-mean-square deviation of pair distances ␦ vs MD steps at different temperatures and ␦ vs temperature at different MD steps is plotted in Fig. 13 . We noticed that the plot of ␦ at 700 K was flat. At 800 K, ␦ starts to increase at around 1000 MD steps ͑4.8 ps͒. As the simulation continued, RMSD ␦ continued to increase gradually. We observed that at around 3500 MD steps ͑16.8 ps͒ the value RMSD ␦ crossed over the value of 0.36 Å, but was still smaller than the critical value of 0.436 Å. This variation of ␦ as a function of time suggests that cluster isomerization starts to take place at the temperature of 800 K. This diffusive dynamics takes place faster when temperature is increased, e.g., from 900 to 1200 K. At 1300-1600 K, the root-mean-square deviation of pair distances ␦ starts as flat then increases sharply, indicating that the cluster is in a liquidlike state. From 1700 K to 2400 K, the plot of ␦ increases dramatically in a short period of time indicating that the system is liquidlike after 1700 K. The increase associated with structural change at 800 and 1300 K can be seen from Fig. 13͑b͒ .
Distribution of principal moments of inertia is plotted in Fig. 14. We observed that two peaks are separated far from each other at low temperatures due to the prolate shape of the cluster. At 800 K the peaks become closer as well as broader. This indicates that prolate structure of Sn 13 becomes a less prolate one above 800 K. The two peaks become broader and merge together at higher temperature of 1400 and 2300 K. The behavior of the distribution of the principal moment is consistent with that of the RMSD ␦.
The atomic trajectories from the MD simulators show that below 700 K atoms move around equilibrium positions and retain its lowest-energy structure. At 800 K, from 1000 to 3700 MD steps, atom 2 that was on top of cluster moved down and pushed atom 10. Atom 10 moved forward and backward between middle level as shown in Figs. 15͑a͒ and 15͑c͒. This corresponds to the shift of distribution of principal moments of inertia at 800 K shown in Fig. 14 . At 4026 MD steps, the cluster distorts and starts to change its shape by bending the upper half of the cluster as shown in Fig.  15͑d͒ . Hence, we can say that atoms in the upper half start to change their relative positions at 800 K. At 900 K, from 1000 to 2300 MD steps, structure of cluster exhibits similar dynamics at 800 K as shown in Fig. 15͑e͒ . After 2300 steps ͑11 ps͒, another type of isomerization was observed. Snapshot taken at 3933 steps ͑18.7 ps͒ at 900 K is shown in Fig. 15͑f͒ . We observed that the cluster changed its shape as follows: Atom 5 in middle layer went to lower layer and atoms 13 and 12 moved toward atom 4. Atom 4 moved from the lower layer up to the middle layer. Shape at 4355 MD steps at 1400 K is shown in Fig. 15͑b͒ . One atom in the center of the structure and the relative positions of atoms changed. We notice that the relative potential energy of this isomer is lower than those of isomers at 800 and 900 K.
The total energy as a function of temperature is plotted in Fig. 16͑a͒ . The solid lines in Fig. 16͑a͒ are obtained by fitting data at low-temperature region ͑below 1600 K͒ and liquidlike region ͑above 1900 K͒. We extended the fitted line at low temperatures to higher temperatures as shown by the dotted line. The energy deviation vs temperature plotted in Fig. 16͑b͒ shows that the big peak starts at about 1600 K and peaks around 2100 K. These results together with the structural information discussed above suggest that the melting transition is at 1800-1900 K.
IV. DISCUSSION
Our simulations show that two types of dynamics may cause the early dramatic changes in the root-mean-square deviation of pair distances ␦ before it reaches a finite value when the cluster is in a liquidlike region. One is isomerization of the cluster where distortions cause the cluster to transform to a metastable structure before melting. Such isomerization processes contribute only very subtle change to ion mobility. The other is due to the melting transition where substantial atomic diffusion in the cluster is observed. Such diffusion will cause notable change in ion mobility. The change in the RMSD ␦ is therefore a good indicator of structural transition in a cluster which also can be probed by ion mobility measurement. Here, we define the melting temperature of a cluster as the temperature at which substantial atomic diffusions take place in the cluster. The temperature defined in this way should be the lower bound to the melting temperature. In the cases of Sn 6 and Sn 7 , we found melting temperatures are 1300 and 2100 K, respectively. In the case of Sn 10 and Sn 13 , although we found structural distortions occurred at 500 and 800 K, and the first diffusion of atoms occurred at 900 and 800 K, respectively, the most significant transitions ͑melting͒ to the liquidlike state do not occur until 2000 and 1900 K. These results indicate that the melting temperatures of all these clusters are much higher than the Sn bulk melting temperature of 505 K. There is no obvious size correlation to melting temperatures from our present results on the four clusters. The structure and dynamics of tin clusters (Sn 4 -Sn 13 ) upon cooling from high-temperature gas phase have been studied by Lu et al. using Car-Parrinello molecular dynamics simulations. 9 The results from their simulations also suggest higher melting temperatures for the small Sn clusters.
The molecular dynamics simulations enable us to observe the atomic dynamics of small tin clusters during the heating process. Each atom in the cluster starts with a small local vibration and distortion ͑stage I͒. As temperature rises, the amplitudes of the thermal motion increase ͑stage II͒. These increasing local distortions may sometimes cause partial isomerization of the clusters if the energy barrier between different local minimum structures is not very high. Both stages I and II are regarded as the solid state. In the case of FIG. 15. Sn 13 : ͑a͒ Ground-state structure; ͑b͒ an isomer at 1700 K; ͑c͒ and ͑d͒ are isomers at 800 K; ͑e͒ and ͑f͒ are isomers at 900 K. The numbers in parentheses are relative potential energies with respect to that of the lowest-energy isomer. The solid lines are obtained by fitting to the data at low-temperature region ͑below 1600 K͒. The dotted line is the extension of the low-temperature fitted line to higher temperature. ͑b͒ Deviation of total energy of Sn 13 from that of the harmonic limit ͑i.e., 3nk B T) as a function of temperature T. The error bar is the standard error at each temperature T.
Sn 6 and Sn 7 , because the energy barriers between the ground state and other metastable states are very high, we did not observe isomerization of these clusters until very high temperatures ͑1300 and 2100 K, respectively͒ where the diffusion dynamics dominated. In the case of Sn 10 , the local fluctuation at 500 K switches the cluster back and forth among several energetically degenerate ͑global minimum͒ isomers as shown in Fig. 11 . In the case of Sn 13 , local distortions at 800 K enable the cluster to switch between different metastable structures that look similar to ground-state structure. As temperature continues to rise, big distortions cause some atoms to be pushed to nearby positions which induces a series of correlated diffusions ͑stage III͒. Consecutive jumps of atoms in the clusters are often observed when such diffusion takes place. The correlated diffusion induced rapid isomerization of the clusters eventually leads to fully melting of the clusters ͑liquid state͒. The dynamics of the clusters upon heating is similar to that observed in the MD simulation of Joshi et al. where Sn 10 has been studied. 10 Moreover, the temperature for stage III to occur was estimated by Joshi et al. to be 1600 K which agrees with the results from our studies.
Ion mobility measurement has been used as an experimental probe to investigate the melting of Sn clusters. It is assumed that the clusters will change their shape ͑toward a spherical shape͒ upon melting, and the changes can be detected by the measurement of their ion mobility. Our simulation results show that changes to the shape of the clusters may be very small if the ground-state structure of the clusters is already in a spherical shape. For example, from a macroscopic viewpoint, Sn 10 would not significantly change its shape until 2000 K, although the diffusive dynamics of the cluster has already been noticed at 900 K. On the other hand, we believe that Sn 13 would start to change its ion mobility significantly above 1300 K and reach a maximum beyond 1900 K according to our simulation.
There is a possibility that the melting temperatures ͑or the isomerization temperatures͒ of the clusters are overestimated due to the finite simulation time. Using the simulation results for Sn 6 at different temperatures, we can get a rough estimation of the error in the melting temperature due to the finite simulation time from the following relation:
͑8͒
where t is the duration time of a given structure ͑i.e., the average time between each diffusion event͒, E a is the activation energy, and t 0 is a prefactor ͑constant͒. Using the data points from 1300 to 1800 K, we can determine E a ϭ0.875 eV and t 0 ϭ1.93 MD step by fitting to the above relation as shown in Fig. 17 . According to these parameters, 9164 MD steps ͑44 ps͒ would be needed to observed one diffusion event at 1200 K, and 19 786 MD steps ͑95 ps͒ is needed at 1100 K. Interpolating to lower temperature as shown in the inset of Fig. 17 indicates that the probability of the cluster isomerization is very small when the temperature is lower than 800 K. This supports our conclusion that the melting temperature of Sn 6 cluster is much higher than that of the bulk crystal.
V. CONCLUSION
We have performed ab initio Langevin dynamics simulations at different temperatures to study the isomerization and melting of small tin clusters. Through the analysis of the root-mean-square deviation of pair distances ␦, energies, and the atomic trajectories from the MD simulations, we have determined transition temperatures for the isomerization and melting of the clusters.
In our study of heating up small tin clusters, we successfully divided the structural dynamics of the clusters into three stages before the clusters fully melt. In stage I, atoms vibrate around equilibrium position. In stage II, cluster has distortions but relative positions are preserved. In stage III, some atoms start to diffuse and relative positions of atoms are changed. Once most of atoms diffuse inside clusters, the clusters melt. It is difficult to determine transition between stages I and II for clusters with very few atoms, Sn 6 and Sn 7 , because vibration and distortion are strongly coupled for these cases. For Sn 10 and Sn 13 , the change from stage I to stage II takes place around 500 and 800 K, respectively. We also found that the temperatures for transition from stage II to stage III are 1300, 2100, 1400, and 1300 K, respectively, for Sn 6 , Sn 7 , Sn 10 , and Sn 13 . The melting temperatures for these clusters are 1300, 2100, 2000, and 1900 K, respectively. These transition temperatures between the solid state to the fully developed liquid state are all higher than melting temperature of bulk tin. 
